Abstract. Thermal dissolution (TD) of Shengli lignite was carried out in isometric solvent of methanol and ethyl acetate (EA), methanol, and EA to offer the thermally soluble fractions 1-3 (F 1 -F 3 ), respectively. F 1 -F 3 were analyzed by gas chromatography/mass spectrometry and direct analysis in real-time ionization source/ion trap mass spectrometry (DARTIS/IT-MS). Phenols with 1-4 methyls are the most abundant composition in the extract. The DARTIS/IT-MS analysis shows that the main peaks of the molecular weight distribution of the extract are located at m/z 120-340, and trace signals are still observed at m/z 640. The extract yield of F 1 is higher than those of F 2 and F 3 , even the sum of F 2 and F 3 yields. The roles of EA to lignite TD were investigated by experimental comparison and molecular dynamics simulation. Both the increase in nucleophilicity and the O-H bond extension of methanol due to the formation of intermolecular hydrogen bonds between methanol and EA make the nucleophilic attacking and the scission of O-H bond easier. The transesterification reaction with EA occurs during lignite TD. These results demonstrate that the TD process can be slightly adjusted by altering the microstructure and microenvironment of methanol.
Introduction
Understanding of lignite structure, especially macromolecular structure, and then directionally cleaving the specific chemical bonds of lignites to produce clean fuels and value-added chemicals are challenging and attractive tasks. The room-temperature extraction of lignites is a typical method to examine lignite structure [1] [2] [3] . However, unlike bituminous coals, the extraction yields of lignites are very small even with isometric carbon disulfide and N-methyl-2-pyrrolidinone mixed solvent [4, 5] because lignites retain macromolecular species from coal-forming plants. Hence, it is of the utmost importance to enhance the dissolvability of lignites via thermal dissolution (TD) in low-carbon alkanols under relatively mild condition (usually 250-350 o C, 4-17 MPa). Wei et al [6] investigated alkanolysis of Huolinguole lignite in methanol and in ethanol sequentially at different temperatures and concluded that the nucleophilicity and the solubility parameter of alkanols affected the amount of alkanolysis products. To our knowledge, no reports were issued on TD of any coal in isometric methanol and ethyl acetate (EA) mixed solvent (IMEAMS). The objectives of this research are to analyze molecular components of TD organic matter (TDOM) of Shengli lignite (SL, a Chinese lignite) in IMEAMS and to investigate the TD mechanisms to understand the influence of EA on TD of SL.
Experimental
SL collected form Shengli coal mine, Xilinhaote, Inner Mongolia, China, was pulverized to pass through a 200-mesh sieve (particle size <75  m), desiccated in a vacuum at 80 o C for 24 h, and then stored at room temperature in a well-sealed wide-necked bottle to minimize undesirable oxidation. The proximate and ultimate analyses of SL are described elsewhere [7, 8] . Methanol, EA, carbon disulfide and acetone in analytically pure grade were distilled with a Büchi R-210 rotary evaporator 2nd International Conference on Machinery, Materials Engineering, Chemical Engineering and Biotechnology (MMECEB 2015) prior to use.
About 1 g SL and ca. 20 mL IMEAMS were put into a 100 mL stainless-steel, magnetically stirred autoclave. The autoclave was heated to 300 o C and maintained at the temperature for 2 h. Then the autoclave was immediately cooled to room temperature in a water bath and the reaction mixture was exhaustively extracted with IMEAMS to afford IMEAMS soluble fraction (F 1 ) and extraction residue. TD of ca. 1 g SL in 20 mL methanol and in 20 mL EA were also carried out respectively as a comparison to afford methanol soluble fraction (F 2 ) and EA soluble fraction (F 3 ).
The gas chromatography/mass spectrometry (GC/MS) analyses of the extracts were performed on a Hewlett-Packard 6890/5973 gas chromatograph/mass spectrometer equipped with a HP-5MS capillary column and a quadrupole mass analyzer (scanned form m/z 33 to 550). The molecular weight distribution (MWD) of the extract was determined using an Agilent XCT ion trap multiple-stage mass spectrometer fitted with an IonSense SVP Source direct analysis in real time ionization source (DARTIS). The TD yields of the extracts were calculated according to the formula Y F = W F /W SL,daf , where W F and W SL,daf denote weights of the desolventized extracts (solvent-removed F 1 , F 2 and F 3 ) and SL sample on dry and ash free basis, respectively.
Results and discussion
Molecular composition of the extracts: All the extracts (F 1 -F 3 ) were analyzed by GC/MS. The relative contents (RCs) and number of compounds of group components are summarized in Figure 1 . In total, 196, 147 and 128 organic compounds were identified in F 1 , F 2 and F 3 , respectively, and they can be classified into arenes, phenols, alkanes, methyl esters (MEs), ethyl esters (EEs), alkenes, alkoxyarenes (AAs; including methoxyarenes and ethoxyarenes), organonitrogen compounds (ONCs) and other compounds (OCs). Phenols are the most abundant compounds in F 1 and F 2 , both accounting for ca. 40%, whereas only 21% were detected in F 3 . Although RCs of phenols in F 1 and F 2 are similar, considerably more kinds of phenols were detected in F 1 than that in F 2 . The total ion chromatogram (TIC) of F 1 is shown in Figure 2 . In total, 24 arenes, 55 phenols, 20 alkanes, 28 MAs, 13 EEs, 13 alkenes, 9 AAs, 20 ONCs and 14 OCs were identified. Aliphatic hydrocarbons consist of n-alkanes (C 15~C27 ) and n-alkenes (C 14~C23 , without C 15 , C 17 and C 21 ), except 5 hopanoids (peaks 185, 187, 189, 191 and 193), 1 cyclopentane (peak 133), 2 cycldienes (peak 7: tetramethylcyclohexadiene and peak 15: dimethylcyclopentadiene) and 2 hexadienes (peaks 18 and 37). Normal fatty acid esters and alkylbenzoic acid esters are the main components in MAs and EEs, accounting for ca. 85% and 15%, respectively. All compounds belonged to the arenes, phenols, AAs and OCs are listed in Table 1 . Noteworthily, the RC of oxygen-containing compounds in F 1 is 74%, indicating that SL contains substantial amounts of oxygen in the form of carboxyl, phenolic hydroxyl, carbonyl and aromatic ether groups. TD mechanism and the role of EA: As Figure 1 (a) exhibits, the RCs (both ca. 40%) of phenols in F 1 and F 2 are distinctly higher than that (only 21%) in F 3 , which suggested that methanol plays an important role by nucleophilically attacking on C acyl of C acyl -O-moiety and C alkyl of C alkyl -O-C aryl moiety and resulting in the cleavage of oxygen bridges and/or ester bridges during thermal depolymerization. The Y F1 is 13.59%, almost equal to the sum of Y F2 (10.37%) and Y F3 (3.5%), although EA has a lower solubility parameter (18.6 J ). In addition, distinctly more kinds of phenols were detected in F 1 than that in F 2 as shown in Figure  1(b) . These results indicate that the TDOM of 1 g SL in 20 mL IMEAMS is similar in amount with that of 2 g SL in 40 mL separated methanol and EA. These interesting results let us to explore whether there are the cooperative effects and what role EA plays during lignite TD in IMEAMS.
The microstructure and microenvironment of sub-and supercritical methanol are of the utmost importance for the methanolysis reaction during TD of lignite. Yamaguchi et al [9] reported that sub-and supercritical methanol at moderate density exists in hydrogen-bonding oligomers with the average chain-length of ca. 3 molecules. Esseffar et al [10] calculated the complexes between methanol and cyclic ketones, lactones, and lactams and showed that the dominant interaction for the most stable complexes is between the oxygen carbonyl and the OH hydrogen of methanol. The theoretical calculations of hydrogen bond between methanol and EA were carried out using the Density Functional Theory. As Figure 3 nm, which makes the O hydroxyl of methanol more nucleophilic. As Figure 3 (b) exhibits, the O hydroxyl of methanol is the most negative site in the methanol and EA complex. The increase in nucleophilicity of methanol makes the nucleophilic attacking easier at the initial stage of the reaction, and the H-O bond is cleaved readily from the transition state caused by the mentioned H-O bond extension to produce more kinds of phenols as shown in Figure 4 . These results demonstrate that we can control the TD process by altering the microstructure and microenvironment. As Figure 1(a) shows, MEs and EEs were merely detected in F 2 and F 3 , respectively, whereas both MEs and EEs appeared in F 1 . The RC (17.6%) of EEs in F 3 is substantially higher than that (only 4.6%) in F 2 , and slightly more kinds of EEs is detected in F 3 than F 2 . These facts indicate that EA possibly involve in the reversible transesterification reaction with esters and carboxylic acids already existing in lignite. EA may react with methanol to produce more nucleophilic ethanol, which in turn undergoes ethanolysis reactions with lignite.
DARTIS/IT-MS analysis of F 1 : The MWD measurement of TDOM is fundamental for analyzing and determining their molecular structure. DARTIS permits rapid and direct mass spectrometric detection of gases, liquids, and complex solid samples in open air under ambient conditions. Although the ionization mechanism is still not completely understood, DARTIS mass spectra are relatively simple, dominated by molecular ions and protonated molecules ([M+H] + ) in positive ion mode. DARTIS coupled with a mass detector make it especially suitable for the rapid MWD measurement of complex solid samples. Overall, the MWD of F 1 shows a normal distribution, but exhibits clearly incontinuous ion peaks (named cluster-like distribution), especially between m/z 100 and 230. The formation of cluster-like distribution may be due to the structure similarity of the molecules in TDOM, which shows that there are many similar structure units in lignite, and that the isomeric compounds possibly produce via alkylation of lignite with methanol during TD.
Conclusion
IMEAMS proved to be effective for TD of lignite due to the microstructure alterations of methanol and the transesterification reaction of organic species in lignite with EA. Polymethyl phenols are predominant among the 196 organic compounds detected in F 1 . The main peaks of the MWD of F 1 are located at m/z 120-340. TD of lignite in IMEAMS is a promising method to examine lignite structure and to convert lignite macromolecules to clean fuels and value-added chemicals.
